Introduction
Many bacteria are capable of forming multicellular structures called biofilms (O'Toole et al., 2000) . In these structures, bacteria are enchased into a self-produced extracellular matrix composed of various types of molecules, mainly including polysaccharides, DNA and proteins (Flemming and Wingender, 2010) . One of the most documented type of biofilm is the solid-surfaceassociated biofilm (SSA-biofilm) in which bacteria adhere to and cover either biotic or abiotic surfaces. Even though there is some specificity depending on the bacterial species, the nature of the surfaces and the environmental conditions, the SSA-biofilm formation usually proceeds in sequential steps starting with the initial attachment of individual planktonic cells to a surface and ending up with three-dimensional mushroom-like structures containing the bacterial community (Costerton et al., 1987) . The transition from the planktonic to the biofilm sessile lifestyle is known to be driven by the production of a second messenger, the cyclic diguanosine monophosphate (c-di-GMP), which targets specific-biofilm regulators and enzymes (Jenal et al., 2017) .
Another type of biofilm, named the pellicle, has been the topic of rising interest. The pellicle is a floating biofilm formed by several bacteria at the air-liquid interface, allowing them to take profit of both the nutrients found below in the medium and the oxygen present above in the air (Yamamoto et al., 2010) . The pellicle presents some specificity compared with the SSA-biofilm. Although the steps leading to pellicle formation are not clearly defined, except for that of Bacillus subtilis, it appears that initial attachment to a surface is not always crucial. Indeed some bacteria were reported to form freefloating pellicles (Robertson et al., 2013) . Another specificity is that flagellar motility seems to be mandatory for pellicle formation, which is not a rule for SSA-biofilm (Armitano et al., 2013; Guttenplan and Kearns, 2013; Okshevsky et al., 2017) . This is coherent with the fact that bacteria need to actively locate the air-liquid interface in order to form a pellicle. Nevertheless, the regulatory pathways involved in pellicle biogenesis are still poorly understood.
Shewanella oneidensis is an aquatic Gram-negative γ-proteobacterium (Heidelberg et al., 2002; Hau and Gralnick, 2007) . Well-known for its respiratory versatility, S. oneidensis is astonishing for its wealth of chemotactic behaviours. Indeed, it is attracted by a wide range of electron acceptors, including metallic ones, but also by malate and more surprisingly by copper, chromate and senescent phytoplanktonic cells (Bencharit and Ward, 2005; Baraquet et al., 2009; Armitano et al., 2011; Petit et al., 2015) . On the contrary, it is repelled by the toxic metals nickel and cobalt (Armitano et al., 2011) . This chemotactic behaviour is governed by the Che3 chemotaxis system, containing the CheA3 histidine kinase and its partner, the CheY3 response regulator, as well as several chemoreceptors and Che proteins (Li et al., 2007; Baraquet et al., 2009; Armitano et al., 2013) . The two other Che systems of S. oneidensis are not involved in chemotaxis control. Indeed, one is probably nonfunctional due to an IS insertion in the corresponding cheA gene (Che2), while the other controls a partnerswitch system involved in σ S sequestration/release (Che1) (Armitano et al., 2013; Bouillet et al., 2016 Bouillet et al., , 2018 . S. oneidensis was shown to be capable of forming both SSA-biofilm and pellicle. However, the investigations have mainly focused on the formation of the SSA-biofilm. The general scheme of SSA-biofilm development is relevant for S. oneidensis, since the sequential steps correspond to initial attachment to the surface, spreading to end-up with total surface coverage and development of threedimensional structures (Thormann et al., 2004) . Flagellar motility proved to be non-essential for initial attachment, whereas it plays a key role in the development of the biofilm architecture (Thormann et al., 2004) . On the contrary, the mannose-sensitive hemagglutinin (MshA) pilus is essential for initial attachment but not for the threedimensional structure formation (Thormann et al., 2004; Saville et al., 2010) . The composition of the extracellular matrix of S. oneidensis SSA-biofilm is not clearly established. Nevertheless, it was demonstrated that extracellular DNA (eDNA) is crucial for all steps of this structured biofilm formation and originates from lysis mediated by prophages present on S. oneidensis genome (Gödeke et al., 2011) . Other important components are most likely polysaccharides. Indeed the mxdABCD locus, in which mxdB encodes a putative glycosyl transferase, is necessary for the formation of the three-dimensional architecture of the biofilm (Thormann et al., 2006; Saville et al., 2010) . In this locus, the mxdA gene encodes a protein containing a degenerated form of the GGDEF motif which characterizes the diguanylate cyclases. Since the mxdA mutant was impaired for biofilm structuration and contained a lower level of c-di-GMP than the wild type strain, it was first suggested that MxdA could be involved in c-di-GMP synthesis but this effect proved to be indirect since no diguanylate cyclase activity for MxdA could be observed either in vivo or in vitro (Thormann et al., 2006; Rakshe et al., 2011) . However, a role for c-di-GMP during biofilm biogenesis was proposed, because the overexpression of a heterologous c-di-GMP phosphodiesterase gene in S. oneidensis totally abolished SSA-biofilm formation (Thormann et al., 2006) . This role was further ascertained with the identification of a c-di-GMP phosphodiesterase of S. oneidensis (PdeB), whose absence leads to an increase in biofilm formation (Chao et al., 2013) . S. oneidensis is also able, when incubated under static conditions, to form a robust pellicle at the air-liquid interface (Liang et al., 2010; Armitano et al., 2013) . This phenomenon is dependent on the presence of oxygen and differs in some aspects from the SSA-biofilm. First, eDNA seems not to be an important factor for pellicle formation (Liang et al., 2010) . Second, the flagellum is absolutely mandatory for pellicle formation, since a strain deleted of the three flagellin-encoding genes (fla mutant) is unable to initiate pellicle formation (Armitano et al., 2013) . Interestingly, we showed that the Che3 chemotaxis system is involved in pellicle biogenesis (Armitano et al., 2013) . Indeed, a cheY3-deleted strain, which is motile but nonchemotactic, behaves as the non-motile fla mutant and is totally impaired for pellicle formation. Moreover, although the cells of the cheA3-deleted strain are able to localize at the air-liquid interface, they do not associate into a robust and cohesive pellicle and stay as large aggregates at the liquid surface. These results suggest that the Che3 system is essential for the initial and maturation steps of pellicle formation (Armitano et al., 2013) .
In this work, we searched for additional factors involved in S. oneidensis pellicle biogenesis. By using a phenotypic suppression test, we identified two genes encoding diguanylate cyclases, named PdgA and PdgB, which play a key role in this process. We also showed that the second messenger c-di-GMP and the mxd operon are essential for pellicle formation. We revealed that MxdA, bearing a degenerate GGDEF motif, binds c-di-GMP which could trigger exopolysaccharide biosynthesis. Finally, we unveiled a complex network for pellicle biogenesis involving interactions between PdgA, CheY3 and MxdA.
Results
Pellicle rescue of the cheY3-deleted mutant by overexpressing two putative diguanylate cyclase encoding genes
We have shown that CheY3 is the central response regulator involved in chemotaxis. Interestingly, we have also shown that a cheY3-deleted strain is unable to initiate pellicle formation. We hypothesized that overexpression of genes, involved downstream of cheY3 during pellicle formation, could overcome this failure and allow pellicle maturation in a ΔcheY3 context. We therefore introduced the library of plasmids containing S. oneidensis genomic fragments previously constructed by Honoré and colleagues (2017) in the cheY3-deleted strain. The resulting clones were pooled and a sample corresponding to about 1.5 × 10 9 cells was then used to inoculate LB medium containing the arabinose inducer. After 24-h of incubation under static condition at 28 C, a thin pellicle was observed at the airliquid interface and retrieved for further analysis. The cells contained in this pellicle were serial-diluted, plated on LBagar medium and then individually tested for their ability to form a cohesive pellicle. Among 301 clones tested, 88 were able to form pellicles. Since restoration could be due to the presence of the wild-type cheY3 gene, the positive clones were PCR-tested using cheY3-specific primers. Five clones proved to contain a copy of the cheY3 gene and were thus discarded. Among the remaining clones, 10 were randomly selected for plasmid extractions and the boundaries of the inserts present in these plasmids were sequenced. Strikingly, the 10 plasmids contain the same chromosomal region starting inside gene SO4550 and ending inside gene SO4555. This region harbours the three complete genes SO4551, SO4552 and SO4554 (354, 2118 and 558 bp-length respectively). Since this region seems to be overrepresented in this assay, we performed a second assay based on the inoculation of a small number of bacteria in many LB-containing Petri dishes. Therefore, a second sample of about 1.5 × 10 9 cells corresponding to the library introduced into the cheY3-deleted strain was first serial-diluted and 80 pools of about 75 independent clones were then tested for their capability to form a pellicle (see Experimental procedures). Five pools gave rise to pellicles which were retrieved and further analysed. Clones isolated from these pellicles were subsequently individually tested for pellicle formation. The pellicle-forming clones were PCR-tested using cheY3-specific and SO4552-specific primers. Most of the clones harboured cheY3 or SO4552 gene. But, one clone contained a plasmid devoid of cheY3 and SO4552. The extremities and part of the insert present in this plasmid were sequenced. This plasmid contains a chromosomal fragment covering the region from gene SO0802 to gene SO0796. Based on genome annotation, we observed that the two plasmids isolated in these two assays each contain a gene potentially involved in c-di-GMP production. Indeed, gene SO4552 encodes a protein bearing a GGDEF motif as well as an EAL one, while gene SO0796 encodes a protein with a GGDEF motif only (Fig. 1A) . For clarity, we will refer to SO4552 and to SO0796 as pdgA and pdgB respectively (pellicle diguanylate cyclase). In order to decipher whether these genes were responsible for pellicle rescue of the cheY3-deleted strain, they were independently cloned downstream of the ara BAD promoter and introduced into the cheY3-deleted strain. As shown in Fig. 1B , the cheY3-deleted strain containing the empty vector is unable to form a pellicle as expected. In the presence of pBpdgA or pBpdgB plasmid, containing respectively the pdgA or pdgB gene, the cheY3-deleted strain regains the capability to form a pellicle in the presence of the arabinose inducer. As a control, the pBdgcQ plasmid, containing the dgcQ gene (previously named yedQ) encoding a functional diguanylate cyclase of Escherichia coli, was also introduced in the cheY3-deleted strain. The presence of this plasmid does not allow pellicle formation in the presence of arabinose (Fig. 1B) . In order to determine if the pdgA and pdgB genes encode active diguanylate cyclases, E. coli cells containing the pBpdgA, pBpdgB and pBdgcQ plasmids were spotted on LB agar plates containing Congo red. Production of c-di-GMP, if any, should induce the synthesis of cellulose that would result in red-coloured cells. As shown on Fig. 1C , cells containing plasmids pBdgcQ, pBpdgA and pBpdgB are more red-coloured than those containing the empty vector, especially in the presence of the arabinose inducer. These results strongly suggest that, like DgcQ, PdgA and PdgB are capable of c-di-GMP synthesis, when overexpressed in E. coli.
To decipher whether these putative diguanylate cyclases are also active in S. oneidensis, we constructed a c-di-GMP-responsive transcriptional fusion (pbpfA::lacZ). Indeed, the bpfA operon, encoding proteins involved in biofilm formation in several Shewanella species, was shown to be controlled by binding of the FlrA repressor in its promoter region. This binding is abolished by c-di-GMP, leading to increased bpfA expression (Theunissen et al., 2010; Zhou et al., 2015; Cheng et al., 2017) . S. oneidensis strains containing this fusion as well as the pBpdgA, pBpdgB or pBdgcQ plasmid were incubated under pellicle assay conditions in the presence or absence of the arabinose inducer and β-galactosidase activities were measured after 2 and 4 h. As shown on Fig. 1D , expression of the pbpfA::lacZ fusion is increased about two-fold when pdgB or dgcQ is overexpressed, suggesting that PdgB and DgcQ are active diguanylate cyclases in S. oneidensis. However, no difference in expression of the fusion could be observed when pdgA was overexpressed. Therefore, we constructed and introduced an allele of pdgA, encoding a protein with a mutated GGDEF domain (GGDEF ! GEDEF), into the cheY3-deleted strain. Overexpression of the mutated pdgA gene did not restore pellicle formation, indicating that the diguanylate cyclase activity of PdgA is most probably required for pellicle rescue.
Since only the overexpression of pdgA or pdgB, and not that of dgcQ, allows pellicle rescue in the cheY3-deleted strain, we conclude that this rescue phenomenon is probably not due to an overall increased content of c-di-GMP but could specifically require PdgA or PdgB for its production.
Although we cannot rule out the possibility that other genes present on the two plasmids isolated from the genomic library could play a role in the pellicle rescue phenomenon, these results strongly suggest that both pdgA and pdgB are involved in this process and that their products are acting downstream of CheY3 in the cascade leading to pellicle formation because their overexpression is epistatic to cheY3.
The diguanylate cyclases PdgA and PdgB play a key role in pellicle development but not in SSA-biofilm formation To decipher whether the pdgA and pdgB genes play a role in pellicle biogenesis, we constructed strains deleted Fig. 1 . Overexpression of two diguanylate cyclase genes restores pellicle formation into the cheY3-deleted strain. A. Domain organization of DgcQ from E. coli and, PdgA and PdgB from S. oneidensis. The GGDEF/GGEEF and EAL domains which are respectively characteristic of diguanylate cyclases and phosphodiesterases are represented. Putative signal detection domains (CHASE and PAS) are also indicated. Numbers indicate the relative position inside the proteins. B. Pellicle assays. The wild-type strain containing the empty vector (pBAD) as well as the ΔcheY3 and Δfla mutants containing either the empty vector or one of the three plasmids bearing a diguanylate cyclase gene (pBdgcQ, pBpdgA and pBpdgB) were incubated in LB medium containing 0.2% arabinose. Photographs were taken after 24 h of static incubation at 28 C. C. Diguanylate cyclase activity assays. Bacterial suspensions of E. coli strains containing either the empty vector or one of the three plasmids bearing a diguanylate cyclase gene (pBdgcQ, pBpdgA and pBpdgB) were spotted on LB-plates containing Congo Red and arabinose when indicated. Photographs were taken after 2-days incubation at 37 C. D. Expression from the bpfA promoter. The ΔcheY3 strain containing the plasmidic bpfA::lacZ transcriptional fusion, as well as either the empty vector (pBAD) or one of the three plasmids bearing a diguanylate cyclase gene (pBdgcQ, pBpdgA and pBpdgB), was incubated in LB with or without 0.2% arabinose (+ara and −ara respectively) under static conditions at 28 C. The β-galactosidase activities were measured after 2 or 4 h of incubation. The standard deviations are indicated (N = 3). The photograph shows the ΔcheY3 strain containing the pBpdgA GEDEF plasmid (bearing a mutated pdgA gene encoding a protein with the GGDEF motif changed to GEDEF) which was incubated in LB medium with 0.2% arabinose under pellicle assay conditions for 24 h. [Color figure can be viewed at wileyonlinelibrary.com] either of one gene or of both. The three resulting mutant strains were then tested for their capability of forming pellicle. When these mutant strains were incubated under static conditions for at least 20 h, pellicles similar to that formed by the wild-type strain were observed. The mutant strains were then incubated under static conditions for shorter times. We chose an incubation of about 11 h, a time sufficient to allow the formation of a thin pellicle by the wild-type strain. As observed on Fig. 2A , both single mutants are able to form pellicles which are quite similar to that formed by the wild-type strain. Interestingly, the double mutant behaves differently from both the wild-type and the single mutant strains. Indeed, the ΔpdgAΔpdgB strain formed a pellicle that is clearly less homogeneous with numerous cell aggregates and it is less cohesive compared with that formed by the wild-type and the single mutant strains as revealed by the 'toothpick test' ( Fig. 2A) . Introduction into the ΔpdgAΔpdgB mutant of the pBpdgA or the pBpdgB plasmid rescues the double mutant phenotype and allows the formation of a homogeneous thin pellicle after 11 h under inducing condition (Fig. 2B ). This result indicates that both pdgA and pdgB gene products participate to the development of the pellicle. In the double mutant, other diguanylate cyclases could probably compensate for their absence during an extended incubation time, taking into account that the S. oneidensis genome harbours 50 genes encoding GGDEF-containing proteins.
To decipher whether PdgA and PdgB are specific to pellicle development or whether they are also involved in SSA-biofilm biogenesis, we tested the capability of the pdg mutants to form a SSA-biofilm. As observed on Fig. 2C , both single mutants as well as the double pdg mutant are able to form a SSA-biofilm which is similar to that of the wild-type strain at both early and late steps. This result strongly suggests that PdgA and PdgB are not involved in SSA-biofilm formation and are therefore specific to pellicle biogenesis.
Overexpression of either pdgA or pdgB does not rescue pellicle formation in a flagellum mutant We and others have previously shown that a S. oneidensis strain deleted of the three flagellin-encoding genes (Δfla), thus devoid of a flagellum, is non-motile and nonchemotactic (Paulick et al., 2009; Armitano et al., 2013) . We have also shown that this Δfla mutant is unable to initiate pellicle formation, like the cheY3-deleted strain (Armitano et al., 2013) . We therefore wondered whether the Δfla mutant could also be rescued for pellicle formation by overexpressing the pdgA or pdgB gene. The pBpdgA and pBpdgB plasmids were thus introduced into the Δfla mutant and the resulting strains were tested under pellicle assay conditions. As shown in Fig. 1B , no pellicle formation could be observed with these strains under inducing conditions. This result confirms that the presence of the flagellum is mandatory for pellicle initiation. Together with the above results, this also suggests that CheY3 could have two roles, one in the control of the flagellum rotation during chemotaxis as well-known for many CheY proteins, and another one directly linked to pellicle formation and involving the downstream PdgA and PdgB diguanylate cyclases.
Involvement of c-di-GMP in pellicle formation
Since we identified two diguanylate cyclases for pellicle formation, we would like to confirm that c-di-GMP plays a key role in pellicle formation in S. oneidensis, as already demonstrated for SSA-biofilm. If true, then overexpression of a phosphodiesterase-encoding gene in S. oneidensis should impair pellicle formation. We chose two genes encoding proteins previously proven to act as phosphodiesterases. The first one is pdeH (previously named yhjH) of E. coli, encoding a stand-alone EAL protein shown to hydrolyze c-di-GMP (Simm et al., 2004) . The second one is pdeB from S. oneidensis, which encodes a protein consisting of PAS, GGDEF and EAL domains but shown to exhibit a phosphodiesterase activity and no diguanylate cyclase one (Chao et al., 2013) . Both genes were cloned downstream of the arabinoseinducible promoter and the resulting constructions (called pBpdeH and pBpdeB) were introduced in the wild-type S. oneidensis strain. Pellicle formation was then tested by incubating the different strains in the presence and absence of arabinose. As observed on Fig. 3A , whether arabinose is present or not, the strain containing either the pBpdeH or the pBpdeB plasmid is unable to generate a pellicle, whereas the strain containing the empty vector forms a robust pellicle. This probably means that only a leaky expression of pdeH or pdeB is sufficient to block pellicle development. These results confirm that c-di-GMP is crucial for pellicle development.
To determine whether c-di-GMP is necessary at the early stage of pellicle formation, we performed crystal violet staining assays during the first hours of static incubation of the wild-type strain containing either the empty vector or one of the two plasmids described above. Fig. 3B shows that, in the presence of the empty vector, crystal violet quantification above the basal level is observed starting at 1 h and increasing afterward, which indicates that initiation of pellicle formation has taken place. On the contrary, in the presence of pBpdeH or pBpdeB, crystal violet quantification remains throughout the experiment at a similar basal level. This indicates that, when phosphodiesterases are overproduced, there is no initiation of pellicle formation, meaning that c-di-GMP is crucial from the very early steps of pellicle development.
The mxd operon is required for pellicle formation
The second messenger c-di-GMP is known to play an important role in several processes. One of them is to stimulate exopolysaccharide production during biofilm development. Even though the nature of the exopolysaccharide present in the matrix of S. oneidensis SSA-biofilm is not known, the mxdABCD operon was identified as necessary for the formation of the three-dimensional biofilm and it was proposed to encode proteins involved in exopolysaccharide biosynthesis (Thormann et al., 2006) .
To determine whether this operon is also involved in pellicle formation, we constructed different mutants deleted of the mxdA or mxdB gene, or of the entire mxd operon. We first confirmed the major role of the mxd operon during SSA-biofilm formation (Fig. 2C) . As observed on Fig. 4A , the three mutants are unable to form a pellicle, suggesting Fig. 2 . The ΔpdgAΔpdgB mutant is affected for pellicle formation, but not for SSA-biofilm development. A. The wild-type strain, the single pdgA and pdgB mutants, and the double mutant were incubated in LB under static conditions at 28 C. The cohesiveness of the pellicles was tested by the 'toothpick test'. B. The ΔpdgAΔpdgB mutant containing the empty vector (pBAD), the pBpdgA or pBpdgB plasmid was incubated in LB with or without 0.2% arabinose under static conditions at 28 C. Photographs were taken after 11 h of incubation (A and B). C. The wild-type and mutant strains were incubated at 28 C in LM medium containing 20 mM lactate in glass tube under shaking conditions. SSA-biofilm formation on glass walls was evaluated after 8 h (black bars) or 24 h (grey bars) of incubation using crystal violet staining coupled with measurements of absorbance at 540 nm. The standard deviations are indicated (N = 3). Photographs show crystal violet stained biofilms in glass tubes after 24 h of incubation. [Color figure can be viewed at wileyonlinelibrary.com] that the mxd operon is necessary not only for SSA-biofilm but also for pellicle formation. To ascertain these results, complementation experiments were performed after cloning either the entire mxd operon (pBmxd) or the mxdBCD genes (pBmxdBCD) under the control of the arabinoseinducible promoter. As expected, Fig. 4A shows that pellicle formation is restored in the Δmxd and ΔmxdA mutants only in the presence of the pBmxd plasmid, whereas complementation of the ΔmxdB mutant is observed in the presence of the pBmxdBCD plasmid.
Strikingly, crystal violet staining experiments performed during the first hours of static incubation indicate that the Δmxd mutant is able to initiate pellicle formation similarly to the wild-type strain (Fig. 4B ). This result is reminiscent of what was observed in the case of SSA-biofilm, since the mxd mutants were capable of initial attachment but unable to form the characteristic three-dimensional structure (Thormann et al., 2006) . Altogether these results show that the mxd operon is involved in pellicle development, probably by allowing exopolysaccharide biosynthesis once the initiation step has taken place. Since, unlike the Δmxd mutant, a Δfla mutant is unable to initiate pellicle formation, we propose that the flagella form a net allowing the initial cell to cell attachment. Moreover, the MshA pilus, which is crucial for initial attachment in SSA-biofilm, plays no role in pellicle biogenesis, since the mshA-deleted mutant strain is able to form a wild-type pellicle (Supporting Information Fig. S1 ).
PdgA and PdgB are not involved in mxd transcriptional regulation
Given the role of the mxd operon in pellicle formation, we wondered if its expression differs between the cells that are embedded inside the pellicle and the cells that are underneath it. A transcriptional fusion between the mxd promoter and the lacZ reporter gene was constructed on a plasmid (pmxd 450 ::lacZ). The wild-type strain containing the pmxd 450 ::lacZ plasmid was grown under static condition. The pellicle was then separated from the cells underneath and β-galactosidase activities were measured on both cell populations. As observed in Fig. 5A , the β-galactosidase activity is about two-fold higher in pellicle-embedded cells than in cells present in the medium underneath the pellicle, indicating that mxd transcription is up-regulated in cells inside the pellicle.
Since the ΔpdgAΔpdgB mutant is affected during pellicle development, we measured the mxd expression in the simple and double mutant backgrounds after introduction of the pmxd 450 ::lacZ plasmid. The β-galactosidase activities measured on pellicle-embedded mutant cells were similar to that of wild-type cells after 24 h of growth (Fig. 5A ). This result clearly shows that PdgA and PdgB play no role in mxd transcriptional regulation. Furthermore, the cheY3-deleted cells grown under static condition also express mxd to a similar level as the wild-type cells found underneath the pellicle (Fig. 5A) . Finally, we introduced the pBmxd plasmid, containing the entire mxd operon downstream of the arabinose-inducible promoter, into the cheY3-deleted strain and we observed that, in the presence of arabinose, no pellicle formation occurred (data not shown). This result indicates that mxd transcriptional up-regulation is not sufficient for pellicle formation and thus confirms that mxd, which is essential for pellicle biogenesis, is probably subjected to a post-transcriptional regulation. MxdA binds to c-di-GMP and interacts with both PdgA and CheY3 C-di-GMP frequently stimulates exopolysaccharide production by binding to effector domain in order to affect enzymatic function. The MxdB protein, that belongs to the glycosyl transferase family 2, does not contain any c-di-GMP binding domain in contrast to the cellulose synthase BcsA which belongs to the same family and contains the well-known PilZ domain (Ross et al., 1987; Morgan et al., 2014) . Interestingly, the MxdA protein contains a degenerate GGDEF motif (NVDEF) and it could therefore function as a c-di-GMP-binding effector protein. To test this hypothesis, we performed TSA (Thermal Shift Assays) using purified His-tagged MxdA and c-di-GMP. As shown on Fig. 5B , the presence of increasing concentrations of c-di-GMP induces a shift of the melting temperature (Tm) of MxdA, the ΔTm being around 2 C when 0.5 mM c-di-GMP is used. Another cyclic nucleotide (cAMP) used as a control did not modify the Tm of MxdA, while the use of the linear nucleotide GTP which is the precursor for c-di-GMP synthesis led to a slight increase of the Tm. These results strongly suggest that MxdA is able to specifically bind c-di-GMP and could function as an effector protein.
We therefore wondered whether MxdA could be the target of the diguanylate cyclases and whether the CheY3 protein could be connected to this potential regulatory network. To answer these questions, we first overproduced and purified MxdA (53 kDa), PdgA (80 kDa) and PdgB (35 kDa) as His-Tagged proteins, and CheY3 (16 kDa) as Strep-Tagged protein. We then tested the interaction between MxdA and the other proteins by performing crosslinking experiments. As shown on Fig. 6A -C, when the proteins are incubated separately in the presence of the crosslinker, complexes of higher molecular masses are observed (indicated by arrows), suggesting that each of them is able to multimerize. This result is in agreement with previous reports showing that GGDEF-containing proteins and proteins of the CheY family could dimerize or multimerize. When MxdA and PdgA are incubated together in the presence of the crosslinker an additional band (indicated by a star) appears above that corresponding to the multimeric forms of MxdA (Fig. 6A) . The molecular mass of this complex is comprised between 170 and 250 kDa and could therefore correspond either to a dimer of MxdA interacting with a momoner of PdgA (186 kDa) or to a dimer of PdgA interacting with a monomer of MxdA (213 kDa). When MxdA and PdgB are incubated together in the presence of the crosslinker, only the multimeric forms of each protein could be detected, indicating that they probably do not form a complex in these in vitro conditions, or that the additional band was hidden by the multimers (Fig. 6B) . Finally, incubating MxdA and CheY3 in the presence of the crosslinker revealed two additional bands (Fig. 6C) . The estimated masses of these two complexes could correspond to a monomer of MxdA interacting with either a monomer or a dimer of CheY3 (69 and 85 kDa respectively). To confirm these attractive results, we carried out bacterial two-hybrid experiments using MxdA fused to the T25 domain of the adenylate cyclase, and the other proteins (PdgA, PdgB, CheY3 and DgcQ) fused to the T18 domain of the adenylate cyclase. The combination of T25-MxdA with either T18-PdgA or T18-CheY3 makes the cells turn red on MacConkey-lactose plates, confirming that MxdA interacts with both PdgA and CheY3 (Fig. 6D) . On the contrary, when T25-MxdA is combined with either T18-PdgB or T18-DgcQ (used as a control), the cells do not turn red. Using the same approach, we also tested whether CheY3 could interact with PdgA and PdgB. As shown on Fig. 6D , when T18-CheY3 is coexpressed with either T25-PdgA or T25-PdgB, the cells become red, suggesting that CheY3 could interact with the two diguanylate cyclases.
In conclusion, these results support the idea that CheY3 and PdgA bind to MxdA leading to the production of EPS and that CheY3 could also interact with PdgB. 
Discussion
Compared with surface-associated biofilm, pellicle formation is less documented, especially at the molecular level. We have previously shown that pellicle formation of the aquatic bacterium S. oneidensis requires the presence of the flagellum and, more surprisingly, involves the chemotaxis regulatory proteins, CheA3 and CheY3 (Armitano et al., 2013) . In this study, we unravel additional key players during S. oneidensis pellicle biogenesis: two pellicle-specific diguanylate cyclases PdgA and PdgB, the second messenger c-di-GMP and the Mxd proteins involved in exopolysaccharide production in the presence of c-di-GMP.
Since MxdB, which belongs to a family of glycosyl transferases, is involved in the assembly of a polysaccharide of a yet-unknown nature, our results constitute an additional example of the involvement of diguanylate cyclases and cdi-GMP in the regulation of exopolysaccharide production. Indeed, c-di-GMP proved to be involved in the regulation of exopolysaccharide synthesis either at the transcriptional or at the posttranslational level (Pérez-Mendoza and Sanjuán, 2016; Jenal et al., 2017) . The best known example of transcriptional regulation is that involving the regulator FleQ of Pseudomonas aeruginosa. FleQ was shown to act both as a repressor and an activator of the pel operon which is involved in the PEL polysaccharide biosynthesis (Baraquet et al., 2012) . Several examples of posttranslational regulation of exopolysaccharide synthesis were described before. The first documented one concerns the Bcs system of Acetobacter xylinum (currently named Komagataeibacter xylinus), in which the BcsA glycosyl transferase protein is activated by binding of c-di-GMP to its own C-terminal PilZ domain (Ross et al., 1987; Morgan et al., 2014) . In E. coli, poly-β-1,6-N-acetyl-D-glucosamine (poly-GlcNAc) exopolysaccharide is synthetized and secreted by the Pga machinery. Binding of c-di-GMP happens concomitantly to two inner membrane proteins, PgaC which is a glycosyl transferase and the PgaD small protein, stimulating poly-GlcNAc biosynthesis activity (Steiner et al., 2013) . In other systems, the glycosyl transferase was proposed to be activated via an interaction with another protein capable of c-di-GMP binding. This is the case for the alginate biosynthesis system in which the Alg44 protein containing a c-di-GMP-binding PilZ domain was suggested to function as a co-polymerase of the Alg8 glycosyl transferase (Merighi et al., 2007; Oglesby et al., 2008) . More recently, a similar mode of action was also proposed for the PEL polysaccharide biosynthesis. Indeed, the PelD protein, which is essential for pellicle production in P. aeruginosa, proved to be a c-di-GMP receptor protein. PelD contains a degenerate GGDEF domain and a conserved allosteric inhibition site (I-site, RXXD), commonly found in diguanylate cyclases, to which c-di-GMP is able to bind Whitney et al., 2012) . PelD could promote PEL polysaccharide biosynthesis by interacting with the PelF glycosyl transferase which is encoded by a gene of the pel operon also containing pelD (Whitney et al., 2012) . In this study, we have shown that, in S. oneidensis, the MxdA protein, which contains a degenerate GGDEF motif but no conserved I-site, is nevertheless able to bind c-di-GMP. Therefore, we propose that the MxdA protein functions as a c-di-GMP receptor and interacts with the MxdB glycosyl transferase to activate it in the presence of c-di-GMP.
Another interesting point is the interaction between the diguanylate cyclase PdgA and MxdA, its probable effector protein. This result is in agreement with a recent line of thought proposing a local c-di-GMP signalling based on direct protein-protein interactions (Jenal and Malone, 2006; Hengge, 2009 Hengge, , 2016 Sarenko et al., 2017) . Indeed, many bacterial genomes contain numerous genes encoding diguanylate cyclases and phosphodiesterases, as well as diverse c-di-GMP effector proteins, which are supposed to be involved in various cellular processes. For instance, the S. oneidensis genome encodes 29 GGDEF-only proteins, 5 EAL-only proteins, 21 proteins with both GGDEF and EAL, 9 proteins containing a HD-GYP domain, as well as 4 proteins with a PilZ domain. A direct interaction between a diguanylate cyclase and its c-di-GMP effector partner will enable the use of this local source of c-di-GMP for a specific process. Interestingly, it was shown that a diguanylate cyclase of P. fluorescens (GcbC) physically interacts with its effector protein named LapD. The inner membrane LapD binds c-di-GMP through its degenerate EAL domain (Dahlstrom et al., 2015) . We therefore propose that the interaction between PdgA and MxdA could activate PdgA and ensures that the c-di-GMP synthetized by PdgA is specifically bound by MxdA. This hypothesis could explain the fact that overexpression of pdgA did not lead to an overall cellular increase in the concentration of c-di-GMP as observed by using a c-di-GMP-responsive reporter fusion.
The role of PdgB, the second diguanylate cyclase identified in this study, remains to be elucidated since no interaction could be detected with MxdA, at least in our experimental conditions. One can imagine that the affinity of PdgB for MxdA is lower than that of PdgA or that a connector is necessary to allow this interaction. Our results suggest that CheY3 is interacting with both MxdA and PdgB, which makes CheY3 a good candidate as a connector between these two proteins. Alternatively, as overexpression of pdgB led to a significant increase in c-di-GMP cellular concentration, free c-di-GMP synthesized by PdgB could bind MxdA during pellicle formation.
Our study clearly shows that the second messenger cdi-GMP is crucial for pellicle formation. Indeed, the two diguanylate cyclases PdgA and PdgB play an important role in this process, although specific biochemical experiments are required to confirm the diguanylate cyclase activity of PdgA and PdgB. Moreover, they are probably not the only ones since depletion of c-di-GMP by using phosphodiesterases has a more drastic effect on pellicle formation than deletion of both pdgA and pdgB genes. Moreover, c-di-GMP could also have other targets relevant to pellicle formation in addition to MxdA.
Based on the results of this study and the previous one, we propose that there are two essential steps for pellicle biogenesis in S. oneidensis. The first one corresponds to the early steps of pellicle formation and involves CheY3 and the flagellum. In this step, cells swim toward the air-liquid interface and bind together forming cell aggregates which are the starting point of pellicle formation. We propose that cell binding involves functional flagella as CheY3 is essential for this first step. CheA3 is dispensable at this stage meaning that other kinases could replace CheA3. One possibility is that, when the number of cells reaches a threshold at the air-liquid interface, the flagella form a network allowing interaction between cells and leading to cell islands or nucleus as observed in the ΔcheA3 and ΔpdgAΔpdgB mutants.
The second step is the maturation step and it requires exopolysaccharide production and secretion to lead to the mature pellicle. This step requires activation of the Mxd proteins by PdgA and/or PdgB, and CheY3. The Mxd activating protein is MxdA which directly interact with CheY3 and PdgA, while PdgB interacts only with CheY3. Interestingly, CheA3 is also involved in the maturation process probably by phosphorylating CheY3 when necessary. Surprisingly, mutants mimicking either phosphorylated or unphosphorylated CheY3 are unable to form a pellicle, showing that the equilibrium between phosphorylated and unphosphorylated states of CheY3 must be dynamic (Armitano et al., 2013; unpublished result) . One can imagine that the CheA3-CheY3 signal transduction pathway allows the right maturation of the pellicle by integrating environmental or pheromonal signals and, consequently by modulating MxdA activity and possibly other related processes.
In conclusion, our study reveals new key factors involved in pellicle biogenesis and highlights the uniqueness and complexity of this floating biofilm.
Experimental procedures
Medium, growth conditions, strains and plasmids All S. oneidensis strains are derivatives of the MR1-R strain referred as WT. All strains used in this study are listed in Table 1 and were routinely grown at 28 C (S. oneidensis strains) or at 37 C (E. coli strains) in Lysogeny Broth (LB) medium.
When needed, antibiotics were used at 10 μg ml −1 (rifampicin), at 25 μg ml −1 (chloramphenicol) or at 100 μg ml −1 (streptomycin). Arabinose was used at 0.2%.
Deletion mutants were constructed as previously described (Baraquet et al., 2009) . Briefly, upstream and downstream regions flanking the gene to be deleted were cloned into the suicide vector pKNG101, which was introduced into E. coli CC118 λpir (Herrero et al., 1990) . The resulting plasmid was introduced into MR1-R by conjugation using the E. coli helper strain 1047/pRK2013 (Figurski and Helinski, 1979) . The integrated plasmid was removed in the presence of 6% sucrose. Deletions were confirmed by PCR. The deletions include all the coding sequence (from start to stop codons) or at least one third of the genes of interest.
All plasmids used in this study are listed in Table 2 . To construct the plasmid pETmxdA, pETpdgA, pETpdgB and pETcheY3, the coding sequences of SO4180, SO4552, SO0796 and SO3209, respectively, were amplified from S. oneidensis genomic DNA by polymerase chain reaction (PCR) and cloned into pET21b with sequence encoding for 6xHis-tag downstream on the vector or into pET52b with sequence encoding Strep-tag upstream on the vector (Novagen).
To construct the plasmids pBpdgA, pBpdgB, pBpdeB, pBmxd and pBmxdBCD, the coding sequences of SO4552, SO0796, SO0437, SO4177 to 4180 and SO4177 to 4179, respectively, were amplified from S. oneidensis chromosomal DNA by PCR and cloned into pBAD33 using primers containing appropriate restrictions sites and an optimized Shine Dalgarno. To construct the plasmids pBdgcQ and pBpdeH, the coding sequences of ECK1954 and ECK3510, respectively, were amplified from E. coli genomic DNA by PCR and Table 1 . Strains used in this study.
Strains
Relevant characteristics and genotypes Sources (Casadaban and Cohen, 1980 
F-cya-99 araD139 galE15 galK16 rpsL1 (Str r ) hsdR2 mcrA1 mcrB1 (Battesti and Bouveret, 2012 ) C600 F − tonA21 thi-1 thr-1 leuB6 lacY1 glnV44 rfbC1 fhuA1 λ − (Appleyard, 1954) cloned into pBAD33 using primers containing appropriate restrictions sites and an optimized Shine Dalgarno. To construct the plasmid pBpdgA GEDEF , we performed a PCR using plasmid pBpdgA DNA as template and appropriate primers, following the protocol of the 'QuickChange site-directed mutagenesis kit' (Agilent).
For two-hybrid experiments, the mxdA, cheA3, cheY3, pdgA, pdgB (from S. oneidensis) and dgcQ (from E. coli) coding sequences were inserted into pEB354 or pEB355 (Battesti and Bouveret, 2012) leading to pKT25-mxdA, pKT25-cheA3, pKT25-pdgA, pKT25-pdgB, pUT18-cheY3, pUT18-pdgA, pUT18-pdgB and pUT18-dgcQ respectively. In our experiments, the empty vectors pEB355 and pEB354 are called T18 and T25 respectively (Battesti and Bouveret, 2012) .
All constructions were checked by DNA sequencing using appropriate primers.
Pellicle assay
Overnight cultures were diluted in 50 ml of fresh LB medium to reach an optical density (OD) at 600 nm of 0.2. The resulting suspension was transferred into a Petri dish and incubated at 28 C without agitation for the indicated time (Armitano et al., 2013) . Strains containing plasmids were grown overnight in the presence of chloramphenicol. Arabinose was added when needed during pellicle assay (Armitano et al., 2013) . To test the cohesiveness of the pellicles, a toothpick was used to disrupt the pellicle.
Introduction of a multicopy genomic library in S. oneidensis and clone selection
We used a collection of E. coli NEB5α (NEB) cells with chromosomal fragments of S. oneidensis cloned into pBAD33 obtained previously (Honoré et al., 2017 ). This plasmid library was then transferred by conjugation into the MR1-R ΔcheY3 strain, the resulting cells were collected after 48 h of growth at 28 C on plates containing chloramphenicol, and conserved at −80 C in LB containing 20% glycerol (final volume: 5 ml). For the first screening, 250 μl of ΔcheY3 strain with the plasmid library was diluted in 1 ml LB and then centrifuge 10 min at 3500 rpm. The pellet was then resuspended with 1 ml fresh LB, incubated with shaking at 28 C for 2 h and used to carry out a pellicle assay in LB containing 0.2% arabinose. After 2 days, the pellicle was collected with a 5 ml syringe and 10-fold serial dilutions of this pellicle were spread on plates containing chloramphenicol and incubated 48 h at 28 C. Three hundred and one clones were tested using pellicle assay. The presence of wild-type cheY3 was PCR-tested using cheY3-specific primers. Five clones were discarded due to the presence of the cheY3 gene. Ten clones were then randomly selected for plasmid extractions and sequencing using primers that hybridized on both sides of the vector cloning site. All plasmids contain the same insert of 4954 bp from position 4 746 920 to 4 751 874 of S. oneidensis chromosomal genome. For the second screening, a second aliquot of 250 μl of ΔcheY3 strain containing the plasmid library was serial diluted, plated on LB-agar containing chloramphenicol and incubated at 28 C for 24 h. Twenty plates each containing about 300 colonies were split in four and all clones of each quarter (about 75 independent clones) were resuspended in 2 ml LB containing 0.2% arabinose. The 80 subsequent dilutions were used to carry out a pellicle assay in LB with arabinose. After visual inspection, five pellicles were retrieved and 10-fold serial dilutions of each pellicle were spread on plates containing chloramphenicol. Isolated colonies were then used to carry out a new pellicle assay. The clones forming pellicles were PCR-tested using cheY3-specific and SO4552-specific primers. Only one clone did not contain either cheY3 or SO4552. The plasmid was then extracted and sequenced using primers that hybridized on both sides of the vector cloning site.
In-cell DGC activity assay
Diguanylate cyclase (DGC) activity assay was performed as previously described (De et al., 2008) . Briefly, E. coli strains (MC1061 or DH5α) were transformed with pBAD33, pBpdgA, pBpdgB and pBdgcQ plasmids. Cells were grown under agitation in LB medium with chloramphenicol at 37 C until reaching an OD 600nm of about 0.6.
Subsequently, 10 μl bacterial cultures were spotted onto the LB plates containing chloramphenicol, 50 μg ml
Congo Red and when indicated, 0.2% of arabinose. Pictures were taken after 2 days incubation at 37 C.
Crystal violet assay
For pellicle early-step quantification. Cells were prepared and incubated as in the pellicle assay except that 24-well microplates were used, as previously described (Armitano et al., 2013) . Briefly, each well contained 2 ml of cell culture. For the crystal violet staining, the liquid medium was gently removed to let the pellicle settle to the bottom of the well. The cells were then stained as previously described (de Bentzmann et al., 2012) . The crystal violet was solubilized in ethanol, and the absorbance was determined at 600 nm. When needed, arabinose was added in pre-cultures and during the assay.
For SSA-biofilm quantification. Cells were grown overnight in LB medium and then diluted in LM medium [0.2 g l −1 yeast extract, 0.1 g l −1 peptone, 10 mM HEPES (pH 7.4) and 10 mM NaHCO 3 ] containing 20 mM lactate to reach an OD 600 of 0.05. Two millilitres of the cell dilutions were transferred into glass tubes and incubated with shaking for 8 and 24 h at 28 C. The liquid medium was carefully removed from the tubes and the bacterial cells bound to the walls were stained with 4 ml of 0.2% crystal violet for 10 min. Tubes were rinsed several times with water to remove unbounded crystal violet and imaged. For spectrophotometric quantification, the dye was solubilized in 3 ml of 30% acetic acid and the OD was measured at 540 nm (Corral-Lugo et al., 2016) .
Expression and purification of recombinant proteins
Recombinant proteins MxdA-His, PdgA-His, PdgB-His and Strep-CheY3 were produced from E. coli BL21 (DE3) strain containing the plasmid pETmxdA, pETpdgA, pETpdgB and pETcheY3 respectively. The strain were grown aerobically until OD 600nm reached 0.8 units. Overproduction of the proteins was then induced with isopropyl β-D-thiogalactopyranoside (1 mM) for 3 h at 37 C.
Cells overproducing the proteins of interest were collected by centrifugation, resuspended in 40 mM Tris-HCl, pH 7.6, disrupted by French press, and centrifuged at 13 000 rpm, at 4 C, for 20 min. After an ultracentrifugation step at 45 000 rpm at 4 C for 1 h, the supernatant was loaded onto a HiTrap FF resin (GE Healthcare) for Histagged proteins or a Strep-Tactin resin (IBA) for the Streptagged protein, and the recombinant protein was purified according to the manufacturer's protocol. The purified protein was loaded onto a PD-10 desalting column (GE Healthcare), recovered in 20 mM sodium phosphate, pH 7.4, 15% glycerol and stored at −80 C. Protein concentration was determined by Bradford assay (Bio-Rad).
Thermal shift assays
Thermal shift assays (TSA) were performed using a BioRad CFX96 Touch Real-Time PCR instrument. Each 20 μl standard assay contained 2.5 μM MxdA in 20 mM R6K-derived suicide plasmid containing Str and sacB (Herrero et al., 1990) sodium phosphate, pH 7.4, 15% glycerol, 0-500 μM c-di-GMP, GTP or cAMP (Sigma-Aldrich) dissolved in water and 10X SYPRO Orange (Sigma-Aldrich). Samples were heated from 10 C to 90 C at a scan rate of 0.5 C per 30 s. The protein unfolding curves were monitored by detecting changes in SYPRO Orange fluorescence. Melting temperatures were determined using the first derivative values from the raw fluorescence data by using BioRad CFX Manager 3.1 software.
In vitro protein interaction assay
MxdA (4.7 μM) was incubated with CheY3 (2.7 μM) or PdgA (1.4 μM) or PdgB (2.3 μM) for 10 min. Then 5 mM of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) used as cross-linker was added for 1 h at room temperature. The interactions were analysed by SDS-PAGE followed by Western blotting using 6×-His tag antibodies (ThermoFisher Scientific 6×-His Tag Monoclonal Antibody, HRP) or antibodies raised against E. coli CheY (kind gift from Dr Philip Matsumura and Dr Christopher O'Connor).
Bacterial two-hybrid assays
Bacterial two-hybrid experiments were performed as previously described (Battesti and Bouveret, 2012) . Twohybrid plasmids were co-transformed into the reporter strain E. coli BTH101 (cya) and selected on LB agar containing 100 μg ml −1 ampicillin and 50 μg ml −1 kanamycin.
The resulting strains were incubated for 4 days at 28 C.
After inoculation of the strains in LB with ampicillin, kanamycin, and 0.5 mM IPTG, 2 μl of overnight cultures were spotted on MacConkey plates containing lactose (Difco™ MacConkey agar), ampicillin and kanamycin. MacConkey plates were then scanned after 3 days of incubation at 28 C.
Reporter fusions
The plasmid pmxd 450 ::lacZ was previously constructed (Müller et al., 2013; Baaziz et al., 2017) . Briefly, 450 bp fragment upstream of the mxdA translation initiation site was amplified from S. oneidensis genomic DNA by PCR and cloned upstream of the promoterless lacZ gene of vector pACYC184-lacZ (Baaziz et al., 2017) . For β-galactosidase assays, S. oneidensis wild-type and mutant strains containing pmxd 450 ::lacZ were grown overnight in LB medium. These cultures were then diluted to an OD 600nm of 0.2 and incubated as in the pellicle assay, in fresh liquid LB medium, for 24 h. The cells present in the pellicle and in the medium underneath were independently collected using 5 ml syringes. The β-galactosidase activity was determined by a modified Miller method.
Briefly, cells were resuspended in Z-buffer to an OD 600nm of 0.5-0.7. β-galactosidase activities were measured as previously described (Miller, 1972; Müller et al., 2013) . The transcriptional fusion between the promoter region of bpfA (SO4317), containing the FlrA binding boxes, and the lacZ reporter gene was constructed using PCR. A DNA fragment corresponding to the position −484 to +97 relative to the SO4317 start codon (referred as +1) and the β-galactosidase-encoding gene lacZ from pGE593 were amplified using primers with complementary overhangs (Eraso and Weinstock, 1992) . The resulting fragments were used as templates for a second run of PCR. The fragment obtained was digested by XbaI and XhoI, and ligated to pBBR1MCS-2 linearized by using the same enzymes (Kovach et al., 1995) . The ligation product was introduced into E. coli strain C600. The resulting plasmid called pbpfA::lacZ was introduced into the cheY3-deleted strain carrying plasmid pBAD33, pBpdgA, pBpdgB or pBdgcQ by conjugation. The resulting strains were grown aerobically in LB medium containing chloramphenicol and kanamycin until OD 600nm reached 1-2. Cultures were then diluted in LB medium with or without 0.2% arabinose to reach an OD 600nm of 0.05. Two millilitres of the resulting solutions were transferred into 24-wells microplate and incubated at 28 C without agitation for 2 and 4 h before β-galactosidase activity quantification. The β-galactosidase activity was determined by a Miller assay adapted for use with plate reader as described previously (Baaziz et al., 2017) .
